1. Introduction {#sec1-insects-11-00338}
===============

The tea green leafhopper *Empoasca* (*Matsumurasca*) *onukii* Matsuda (Hemiptera: Cicadellidae), formerly known as *Empoasca flavescens* Fabricius, and *Empoasca vitis* (Göthe), is one of the most destructive pests in the tea plant *Camellia sinensis* (L.) Kuntze (Theaceae) in East Asia \[[@B1-insects-11-00338],[@B2-insects-11-00338],[@B3-insects-11-00338],[@B4-insects-11-00338]\], where tender shoots of the tea plant are periodically harvested \[[@B5-insects-11-00338]\]. *E. onukii* lays its eggs inside the epidermis of the shoots \[[@B6-insects-11-00338],[@B7-insects-11-00338]\]. The number of generations of this pest per year ranges from 10 to 17, depending on site-specific climatic conditions, especially temperature \[[@B8-insects-11-00338]\]. Nymphs and adults of *E. onukii* use their stylets to pierce and suck the sap from tea buds, leaves, and shoots, which causes serious economic problems for the tea industry \[[@B9-insects-11-00338],[@B10-insects-11-00338]\].

Organosynthetic pesticides have been frequently used to control the leafhopper all year round. However, these applications represent increased costs for tea growers and can have adverse effects on the environment and on natural enemy populations which can result in pest resurgence \[[@B1-insects-11-00338],[@B11-insects-11-00338]\]. Alternatively, numerous other control agents and methods against this pest have been proposed, including biological control \[[@B12-insects-11-00338]\], physical control \[[@B13-insects-11-00338]\], and chemical intervention \[[@B14-insects-11-00338],[@B15-insects-11-00338],[@B16-insects-11-00338]\]. However, the management of this pest remains challenging.

As stated above, eggs of *E. onukii* are laid within the stalk and leaf petiole epidermis of the newly-growing tea plant shoots. We asked the question as to whether hand plucking, the most common harvest method of the shoot harvesting, could represent an effective method of egg removal. To answer this question, we took into account the facts that instead of the whole shoot, certain leaf order intervals of the shoot should be selected for the harvesting. In addition, generally, the more attached leaves are selected, the lower the value of the shoot, because of the reduced levels of aroma and flavor precursors \[[@B17-insects-11-00338]\].

In order to accurately evaluate the role of shoot harvesting in egg removal, while taking into account the actual harvesting practice and the harvested shoot value, it is necessary to determine the egg distribution within each of the leaf order intervals of the shoot, and to consider the economic value of the selected shoot on the cost of egg removal. The purpose of this study was to determine the oviposition preference of *E. onukii* in the tea plant shoot, and to illustrate the correlation between the economic value of the selected shoot and the proportion of eggs laid within the shoot.

2. Materials and Methods {#sec2-insects-11-00338}
========================

2.1. Study Site {#sec2dot1-insects-11-00338}
---------------

The experiment was conducted in August 2018 in the experimental tea plantation of the Tea Research Institute, Guangdong Academy of Agricultural Sciences. The tea plantation was located in north-central Guangdong, China (24.18° N, 113.23° E). This area belongs to a typical tea-growing region known as the South China Tea Region. About 150 tea cultivars were bred in this plantation. Our study took into consideration four of these cultivars: Jinxuan, Jinguanyin, Yinghong-9, and Yunnandaye, all of which were widely planted in this area. Each cultivar was cultivated in rows of eight-year-old plants in an approximately 0.2 hectare field. Plants were maintained as 70 cm high flat-topped foliage canopy under similar agricultural management practices.

2.2. Measurement of Cultivar Characteristics {#sec2dot2-insects-11-00338}
--------------------------------------------

The newly-growing shoot with a bud and more than four attached leaves was chosen for the measurement. According to the method of shoot harvesting, certain leaf order intervals of the shoot should be selected for harvesting. Here, we use the word "leaf order interval" to describe the bud or the attached leaf and its stem that is selected for harvesting. The whole shoot therefore was classed as the bud order interval, the 1st leaf order interval, the 2nd leaf order interval, etc. ([Figure 1](#insects-11-00338-f001){ref-type="fig"}). The length of each of the leaf order intervals ranged from the bud order interval to the 4th leaf order interval and was measured as a principal characteristic to differentiate these four cultivars. Thirty shoots (3 rows with 10 shoots per row) per cultivar were randomly sampled for the experiment.

2.3. Examination of Eggs {#sec2dot3-insects-11-00338}
------------------------

Ninety shoots (3 rows with 30 shoots per row) for each cultivar were randomly sampled from the field to examine the distribution of the eggs laid by the leafhopper. Eggs were examined by dissecting the stalk and leaf petiole epidermis of the shoot under a dissection microscope ([Figure 2](#insects-11-00338-f002){ref-type="fig"}). The number of eggs present within each leaf order interval class was recorded. Samples were collected and egg examination was completed within 48 hours, at the same time for each cultivar.

2.4. Collection and Analysis of Economic Data {#sec2dot4-insects-11-00338}
---------------------------------------------

The economic data on the selected shoots was collected from the experimental tea plantation of the Tea Research Institute, Guangdong Academy of Agricultural Sciences. In this study, the economic value of the selected shoot was expressed as value per unit weight. The relationship between the economic value of the selected shoot and the percentage of the eggs within the shoot was described through curve estimation.

2.5. Preparation of Data and Statistical Analyses {#sec2dot5-insects-11-00338}
-------------------------------------------------

The length of each of the leaf order interval classes was measured and analyzed by one-way ANOVA and post hoc Tukey's test to compare the differences among the four cultivars in the same leaf order interval class at the *α* = 0.05 level. The number of eggs within each leaf order interval was converted into a percentage, and the percentage values were normalized by arcsine square root transformation prior to analysis, then, an analysis similar to that adopted for the interval length was performed to test the variation of the eggs among the leaf order interval classes in each cultivar. A two-way ANOVA with leaf order interval and cultivar as factors was also used to determine the variation in the distribution of eggs. Curve estimation was used to extract the best fit correlation between the economic value of the selected shoot and the percentage of the eggs within the shoot. All statistical analyses were performed using IBM SPSS Statistics version 22.0 software (IBM Corp., Armonk, NY, USA).

3. Results {#sec3-insects-11-00338}
==========

3.1. Cultivar Characteristics {#sec3dot1-insects-11-00338}
-----------------------------

The leaf order interval length differed significantly among these four cultivars in the leaf order interval classes (bud order interval: *F* = 56.98; df = 3, 116; *p* \< 0.001; the 1st leaf order interval: *F* = 16.19; df = 3, 116; *p* \< 0.001, the 2nd leaf order interval: *F* = 24.08; df = 3, 116; *p* \< 0.001, the 3rd leaf order interval: *F* = 50.13; df = 3, 116; *p* \< 0.001, and the 4th leaf order interval: *F* = 49.06; df = 3, 116; *p* \< 0.001). Cultivars Jinxuan and Jinguanyin had the shortest leaf order interval length, Yinghong-9 had the longest leaf order interval length, and Yunnandaye had an intermediate leaf order interval length. No significant difference was observed among Yunnandaye, Jinxuan, and Jinguanyin in the 1st leaf order interval length, additionally, similar length was observed between Yunnandaye and Jinguanyin in the 2nd leaf order interval ([Figure 3](#insects-11-00338-f003){ref-type="fig"} and [Table S1](#app1-insects-11-00338){ref-type="app"}).

3.2. Egg Distribution {#sec3dot2-insects-11-00338}
---------------------

In total, 37, 35, 38, and 43 of 90 sampled shoots were infested with a total of 172, 128, 111, and 171 eggs of the leafhopper for the Jinxuan, Jinguanyin, Yinghong-9 and Yunnandaye cultivars, respectively. No eggs were found within the bud order interval for any cultivar. For the remainder of the leaf order interval classes, the percentage of eggs differed significantly in the four cultivars (Jinxuan: *F* = 35.58; df = 4, 180; *p* \< 0.001, Jinguanyin: *F* = 29.45; df = 4, 170; *p* \< 0.001, Yinghong-9: *F* = 28.64; df = 4, 185; *p* \< 0.001, and Yunnandaye: *F* = 40.00; df = 4, 210; *p* \< 0.001). For each cultivar, the lower percentages of eggs was detected within the 1st and 2nd leaf order interval classes, as well as within the leaf order interval classes below the 4th one. Most of the eggs were found within the 3rd and 4th leaf order interval classes ([Figure 4](#insects-11-00338-f004){ref-type="fig"} and [Table S2](#app1-insects-11-00338){ref-type="app"}). Two-way ANOVA analyses indicated that there was no statistically-significant interaction between leaf order interval and tea cultivar in the distribution of eggs (*F* = 0.73; df = 12, 745; *p* = 0.723). Tea cultivar had no significant effect on the distribution of eggs (*F* = 0.00; df = 3, 745; *p* = 1.00), whereas the distribution of eggs depended on leaf order interval class (*F* = 128.46; df = 4, 745; *p* \< 0.001).

3.3. Economic Value and Egg Removal {#sec3dot3-insects-11-00338}
-----------------------------------

The economic value of the selected shoot is shown in [Table 1](#insects-11-00338-t001){ref-type="table"}. Shoots with more attached leaves had a lower economic value. For the Jingxuan cultivar, when the shoot was selected as the bud only, the economic value of the shoot was 24.00 Chinese Yuan (CNY) per kg. Accordingly, the percentage of the eggs within this shoot was zero, indicating that no eggs would be removed through harvesting. Again, when the shoot was selected as one leaf attached, the economic value of the shoot was 14.00 CNY per kg. Accordingly, the cumulative percentage of eggs within this shoot was 2.32% (0 in the bud order interval, plus 2.32% in the 1st leaf order interval), indicating that 2.32% of the eggs would be removed through harvesting, and so on ([Table 1](#insects-11-00338-t001){ref-type="table"} and [Figure 4](#insects-11-00338-f004){ref-type="fig"}).

For each cultivar, curve estimation was used to extract the best fit correlation between the economic value of the selected shoot and the percentage of the eggs within the shoot. The mathematical models, such as linear, logarithmic, inverse, quadratic, cubic, power, compound, S-curve, growth, and exponential models in SPSS were fitted to the data. Overall, the exponential model showed the best regression fit and performed better than the other models ([Figure 5](#insects-11-00338-f005){ref-type="fig"} and [Table 2](#insects-11-00338-t002){ref-type="table"}).

4. Discussion {#sec4-insects-11-00338}
=============

As eggs of *E. onukii* are laid within the tea plant shoot, and certain leaf order intervals of the shoot are selected for the harvesting, the leaf order interval length was considered as a determinant affecting the egg distribution in this study. The results of this study demonstrated that the length differed significantly among the four cultivars in the same leaf order interval class, however, the proportion of eggs in the same leaf order interval class was similar among cultivars. The findings indicated that the distribution of eggs was dependent on the leaf order interval class regardless of cultivar.

Little was known about the modalities of *E. onukii* oviposition behavior \[[@B18-insects-11-00338],[@B19-insects-11-00338]\]. The results of this study indicated that most of the eggs were laid within the 3rd and 4th leaf order interval classes, whereas a low proportion of the eggs were detected within the leaf order interval classes below the 4th leaf order interval. Presumably, shoot toughness might be an important determinant of egg-laying behavior. This could be explained by the previous observation that there was a sharp decrease of shoot tenderness from the upper internodes to the lower internodes in tea plants \[[@B20-insects-11-00338]\].

Interestingly, the 1st and 2nd leaf order interval classes probably had higher tenderness than those of the 3rd and 4th leaf order interval classes \[[@B20-insects-11-00338]\]. However, the results in this study revealed that these two interval classes were less-frequently used for oviposition, which could be due to the thickness of the epidermis. Here, we did not consider the relationship between the epidermal thickness and the oviposition preference. In the vineyard, eggs of *E. vitis* were reportedly laid in the 1st or 2nd order vein of the grape leaf, as the major veins were thicker than small veins \[[@B21-insects-11-00338]\]. Another study found that the thicker cotton leaf veins were observed to increase the oviposition response of the cotton leafhopper *Amrasca biguttula* (Ishida) (Hemiptera: Cicadellidae) \[[@B22-insects-11-00338]\]. Both of the previous findings support the idea that thicker veins might stimulate increased egg-laying in leafhoppers. Eggs of *E. onukii* are laid within the shoot epidermis instead of leaf veins in tea plants. The epidermal thickness in the uppermost part is thinner than that in the lower parts of the tea plant shoot \[[@B23-insects-11-00338]\], which led to the result that the bud order, 1st leaf order, and 2nd leaf order interval classes were less frequently used for oviposition.

We recognized that the distribution of eggs within the leaf order interval was a strong predictor of the oviposition preference of *E. onukii*. These findings could prove useful for both the monitoring methods and the controlling techniques for this pest. For example, egg density of the 3rd and 4th leaf order intervals could be used to indicate pest infestation level, and to predict the abundance of subsequent generations. Moreover, it is likely that the pest would be suppressed as the oviposition sites were destroyed. The data on the distribution of eggs was drawn from one season point, the abundance of the leafhopper in the field was unknown in this study. Would seasonal variation exert an effect on the egg distribution? Further evidence is needed to confirm these findings.

Specimens collected in Chinese tea plantations indicated that no leafhopper species other than *E. onukii* are pests of tea plants \[[@B2-insects-11-00338],[@B3-insects-11-00338]\]. Several hypotheses have attempted to explain the incidence of this pest. These hypotheses include: (1) high fecundity of this species \[[@B5-insects-11-00338]\], (2) widely-available host plants \[[@B18-insects-11-00338]\], (3) insecticide resistance \[[@B1-insects-11-00338],[@B11-insects-11-00338]\], and (4) few effective natural enemies \[[@B14-insects-11-00338]\]. These theoretical and experimental studies were essential for understanding the incidence of this pest. However, we should not neglect the economic factor in our quest to understand this issue. The constructed mathematical model demonstrates that egg removal through shoot harvesting was likely to be of limited effectiveness considering the value of the selected shoots. These findings likely could provide new insights into understanding the incidence of this pest.

5. Conclusions {#sec5-insects-11-00338}
==============

It is clear that eggs of *E. onukii* are laid within the newly-growing tea plant shoot, suggesting that the laid eggs would likely be removed through shoot harvesting. However, there is no convincing evidence that shoot harvesting could represent an effective method of egg removal. Accordingly, in the current work, we determined the oviposition preference of *E. onukii* in the tea shoot and addressed the influence of the selected shoot value on the egg removal. Based on our observation, the 3rd and 4th leaf order intervals of the shoot were most suitable for the oviposition, and the oviposition preferences were dependent on the leaf order interval class regardless of tea cultivar. In addition, the harvested shoot value significantly affected the cost of egg removal, indicating that the effectiveness of egg removal through shoot harvesting was limited. This work provides the basis for understanding the role of shoot harvesting in egg removal and may provide new insights into the understanding of the incidence of this pest.

We are indebted to the experimental tea plantation of the Tea Research Institute, Guangdong Academy of Agricultural Sciences for providing tea plant materials and the economic data. We would like to thank the two anonymous reviewers for their comments, which were helpful in improving the final version of the article.

The following are available online at <https://www.mdpi.com/2075-4450/11/6/338/s1>, Table S1: The length of the leaf order intervals, Table S2: The number of laid eggs of *Empoasca onukii* within each of the leaf order interval classes.
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![A typical newly growing shoot of the tea plant. The whole shoot was classed as the corresponding leaf order intervals according to the shoot harvesting method.](insects-11-00338-g001){#insects-11-00338-f001}

![An egg of *Empoasca onukii* within the epidermis of the tea plant shoot.](insects-11-00338-g002){#insects-11-00338-f002}

![Length of the different leaf order intervals of the tea plant shoot. Bars represent mean ± SE of 30 samples for each cultivar. Bars with the same letters indicate that means comparisons were not significantly different in the same leaf order interval class of the four cultivars (ANOVA, Tukey's test, *p* \> 0.05). (Original data: [Table S1](#app1-insects-11-00338){ref-type="app"}.)](insects-11-00338-g003){#insects-11-00338-f003}

![Percentage of *Empoasca onukii* eggs in the different leaf order intervals of the tea plant shoot. Bars represented mean ± SE of the infested samples (*n* = 37, 35, 38, and 43 shoots sampled with a total of 172, 128, 111, and 171 eggs for Jinxuan, Jinguanyin, Yinghong-9, and Yunnandaye cultivars, respectively). Bars with the same letters indicate that means comparisons were not significantly different among the leaf order interval classes in a cultivar (ANOVA, Tukey's test, *p* \> 0.05). (Original data: [Table S2](#app1-insects-11-00338){ref-type="app"}.)](insects-11-00338-g004){#insects-11-00338-f004}

![The relationship between the economic value of the selected shoot and the cumulative percentage of eggs of *Empoasca onukii* within the shoot. The figure shows the exponential model fitting the data for each cultivar: (**a**) Jinxuan, (**b**) Jinguanyin, (**c**) Yinghong-9, and (**d**) Yunnandaye.](insects-11-00338-g005){#insects-11-00338-f005}

insects-11-00338-t001_Table 1

###### 

The economic value of the tea plant shoot with certain attached leaves (CNY/kg) ^a^.

  Cultivars    Bud Only   One Leaf   Two Leaves   Three Leaves   Four or More Leaves
  ------------ ---------- ---------- ------------ -------------- ---------------------
  Jinxuan      24.00      14.00      6.00         2.40           1.00
  Jinguanyin   24.00      14.00      5.20         1.60           1.00
  Yinghong-9   24.00      14.00      5.60         2.40           1.00
  Yunnandaye   24.00      14.00      5.20         2.40           1.00

^a^ Data were collected from the experimental tea plantation of the Tea Research Institute, Guangdong Academy of Agricultural Sciences.

insects-11-00338-t002_Table 2

###### 

The exponential model summary and parameter estimates.

  Cultivars    Equation                           F-Test of the Model                            
  ------------ ---------------------------------- --------------------- ------- -------- --- --- -------
  Jinxuan      *y* = 13.795\**e*\*\*(−0.028*x*)   0.943                 0.889   23.925   1   3   0.016
  Jinguanyin   *y* = 13.496\**e*\*\*(−0.029*x*)   0.940                 0.883   22.622   1   3   0.018
  Yinghong-9   *y* = 13.114\**e*\*\*(−0.027*x*)   0.932                 0.868   19.740   1   3   0.021
  Yunnandaye   *y* =14.012\**e*\*\*(−0.028*x*)    0.940                 0.884   22.814   1   3   0.017

Where, *y* is the economic value of the selected shoot, and *x* is the percentage of the eggs within the shoot.

[^1]: These authors contributed equally to this study.
